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methods selected were tested in-depth, and comparison studies were conducted with
several. As a result, a capability is available to monitut liquid propellants during
storage, to establish kinetics and decomposition mechanisms, to establish specifica-
tions, and to permit evaluations of additives. Data are being generated from ongoing
studies to permit predictions of long-term effects such as pressure buiidup, effect of
contaminants, and shelf-life.
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INTRODUCTION

The advantageous features of liquid propellants in the areas of logistics, ballistics,
cost savings, and its being categorized as an insensitive munition have prompted an
extencive surveillance program. The commitment to develop insensitive munitions
systems has led to the testing of liquid gun propellants as a potentia! rep!acement of
solid propellants used in the 105-mm and 155-mm guns.

The integrity, stability, and safety of these propellants, after being stored for
extended periods of iime, is necessary in order to meet ballistic requirements. As part
of this program, there was a n- »d tc provide techniques to monitor and characterize the
liquid propellants during both accelerated and long-term storage. The use of the liquid
propellants in diverse gun applications necessitates the ability for their characterization
which has resulted in the development of analytical monitoring capabilities. These
techniques will provide the ability to monitor the composition and integrity of liquid
propellants during storage. At present, fail/safe criteria are not available for liquid
propellants under long-term storage conditions, and a methodology is being developed
to establish \nese criteria. To establish these criteria, studies are being conducted to
determine aging effect on the stability and storability of liquid propellants. The rate data
generated in the accelerated testing are being used for the determination of the various
fail/safe criteria, and the long-term storage testing wili establish shelf life for liquid
propellants.

BACKGROUND

The liquid propellant (LP) system under investigation is a stoichiometric mixture of
61% hydroxylammonium nitrate (HAN) and 19% triethanolammoniumnitrate (TEAN) in
20% water. This mixture is stoichiometric with a molar ratio of 7:1 for conversion to
carbon dioxide, water, and nitrogen. This liquid propellant composition designated LP
1846 is the prime candidate currently under consideration.

Determining the effects of temperature, inhibitors, and contaminants on the stabi-
lity of liquid propellants as well as providing analytical techniques for monitoring liquid
propellant before and after exposure are the primary goals of this investigation. The
analyses are required for identification and quantitation of major propellant components,
contaminants, and degradation products which will provide a basis for establishing the
various criteria. The criteria of interest include decomposition kinetics and mechanisms,
propellant composition and ballistics relationships, recommendations for propellant
specifications, pressure buildup during storage, propellant shelf-life, and safety factors.
Low level concentrations of contaminants or impurities have been identified previously
(refs 1 through 3) such as ammonium nitrate (AN), nitric acid, NOx's (N?_O and NOZ),

nitrogen, and trace amounts of transition metal ions. This list is not all inclusive and
may be changed during this investigation.




PROCEDURE

A review of techniques as well as investigations to confirm reliability and to op-
timize several of the techniques was presented in previous reports (refs 1 through 3). A
comparison chart of analytical methods is shown in table 1. This chart will be com-
pleted after comparisons are made through intra-lab studies.

Nitric acid is determined using a non-aqueous titrimetric method on a Metrohm
model E536 Potentiograph and a Model 655 Dosimat.

HAN, TEAN, and AN are determined by ion chromatography (IC) using a Waters
system.

The gaseous decomposition products (NOx and N,) are determined by gas
chromatography.

Metals analyses were compared on several systems including polarography,
atomic absorption spectroscopy (AA), graphite furnace atomic absorption
spectrophotometry (GPAA), inductively coupled plasma spectrophotometry (ICP),
inductively coupled plasma spectrophotometry/mass spectrometry (ICP/MS) and ion
chromatography (refs 1 through 3). Of the above, GPAA appears to be the best choice
as a reference method but not as a routine technique since it is very time consuming.
The data in this report were obtained on a Waters’ IC which was selacted for its ability
to detect at minimum levels required for this study as well as speed and ability to dif-
terentiate valence states. Optimization studies are still underway on the IC.

LP samples are currently undergoing accelerated and long-term storage testing
over a range of temperatures and levels of contaminants and inhibitors. The acceler-
ated experiments are being conducted with small scale apparatus which has been
discussed previously (refs 1 and 2). The long-term tests are being conducted on a
larger scale in order to provide sufficient sample for analytics, accelerating rate
calorimetry (ARC), and ballistics.

RESULTS AND DISCUSSION

Several of the analyses are very critical to this program since these monitor the
levels of contaminants most detrimental to the stability of LP. These are the determina-
tions of both free nitric acid and transition metals. An in-depth investigation of the use
of titrimetry for the determination of nitric acid using a nonaqueous technique was
selected and discussed in previous reports (refs 1 through 3). The titration of HAN and
TEAN by aqueous and nonaqueous methods have proven to be less than desirable. As
a result, ion chromatography has been investigated and found to provide not only HAN




and TEAN but AN, ethanolammonium nitrate (EAN), and diethanolammonium nitrate
(DEAN) in one chromatogram. The IC method has been optimized and found to be not
only precise but accurate. For the transition metals, IC was selected for its sensitivity at
the trace levels necessary for this program. IC has the capability to detect tenths of a
part per million (ppm) in the LP matrix. Its speed and ability to differentiate valence
states of numerous metals in one determination is also advantageous. The ability to
determine valence states will be useful to understanding the decomposition mechanism
due to metal catalysis.

The analysis of HAN and TEAN were optimized using ion chromatography with a
modified integration algorithm. This method is capable of detecting not only HAN and
TEAN but also AN, EAN, and DEAN. An analysis of a synthetic standard of
hydrochloride salts of HAN and TEAN is presented in table 2. A comparison of the data
previously obtained by titration for TEAN illustrates the value of IC since it is not ef-
fected by other weak acids as was the titration methods. It was also apparent in the
titration of HAN by the nonaqueous and even more so by the aqueous that the values
were always on the low side. This was probably due to some type of equilibrium or
inability to titrate all of the HAN present.

The transition metals (especially iron, copper. nickel, and chromium) and alumi-
num are known to accelerate the decomposition of HAN-based propellants. Consider-
able effort has been expended in this area to provide a reliable technique. Analytical
methods which have been considered include: polarography, ion chromatography,
inductively coupled plasma, atomic absorption, graphite furnace AA, and inductively
conled plasma’/mass spactrometry.

Initially, polarography was used to develop methods for the transition metals (refs
2 and 3). The ability of the liquid propellant to act as oxidizer, reducing agent, and/or
chelating agent for species of the transition metals complicated the polarographic
analyses. This was made morz evident when ICP data were compared to
polarographic data for iron (table 3). The difference between the two methods illus-

trates that most of the Fe'® in the liquid propeliant is in a complexed state and not
available for polarograhic detection as Fe® (refs 2 and 3).

Analyses of liquid propellant samples were conducted by both the inductively
coupled plasma spectrometer and atomic absorption spectroscopy. Results from
several laboratories indicated that ICP analysis of metals in liquid propellants is very
matrix sensitive and not at all straight-forward. The levels reported on the same sample
could vary as much as 2 to 10 times what was actually present. A comparison was
made using ICP with internal and external standardization with graphite furnace AA as
reference (ret 3). The data from this study is shown in table 4. Careful use of the ICP




with internal standardization will produce reliable results. The internal standard was
found necessary to correct for plasma and sample viscosity fluctuations due to matrix
effects. The use of AA without a graphite furnace was insensitive to the levels neces-
sary for this program.

As a result of the ditficulties encountered with pelarography and other techriques,
IC was investigated and feasibility studies conducted on metal spiked samples of liquid
propeliant. The data indicate that IC will not only provide guantitative data for all spe-
cies of interest but also the oxidation state ot the metal. This information will be useful
in determining the role of metal impurities in liquid propellants.

For the ion chromatography of the +2 transition metals and Fe’ a uBondapak
C18 column is used for the separation. The eluant is 2mM NaOS/15-35mM tartaric
acid/5% acetonitrile (pH adjusted to 3.65 with 50% NaOH) at a flow rate of 1.0 mi/min.
The post column reactant (PAR) flow rate was 0.5 ml/min. An ultraviolet (UV) detector
at 520 nm was required for the identification of the metals present.

Aluminum and chromium are separated on the same type of column but with
different eluants, post column reactants and UV wavelengths. For aluminum, the eluant
is ).1 M sulfuric acid/0.2 M ammonium sulfate at a flow rate of 0.9 ml/min. The post
column reactant is tiron at a flow rate of 0.5 ml/min with UV detection at 310 nm. The
eluant for chromium (chromate) is 5 mM tetrabutyl ammonium phosphate at a flow rate
of 1.0 mli/min using the UV detector at 365 nm.

The LP samples were digested in concentrated nitric acid. The digestion is neces-
sary to eliminate the possibility of metal chelation by the liquid propellant ingredients,
namely HAN and TEAN. After the HAN and TEAN are destroyed, a dilute acid solution
is added to the residue to provide a 1/10 dilution of the original sample. It is necessary
for the solution to be acidic to prevent precipitation of metal hydroxides. The sample
injection voiume was 100 ul. Chromatograms of the +2 transition metal standards plus

Fe'® are shown in figures 1 through 4. All of these metals (Fe'®, Cu'?, Ni*?, and Fe'?)

can be obtained in one chromatographic separation. The Fe'? elutes close to the void
volume and can be difficult to reproduce accurately when using strong eluant (50 mM
tartaric acid). Therefore, if necessary, the tartaric acid concentration is lowered to 35

mM resulting in the Fe" eluting at a later retention time. A chromatogram of chromium
(chromate) standard is shown in figure 5 and an aluminum standard in figure 6. Spiking
of the LP sample was used to verify the peak identity in the LP samples. A
chromatogram of LP 1846 after digestion and dilution in 25 ml of nitric acid acidified (pH
= 1) distilled water is shown in figure 7. The peaks which were detected for this sample
are shown in the area tabulations. The levels of transition metals detected for this

sample were 0.70 ppm cc' and 003 ppm Cu'? which is in good agreement with the
data in table 5 which compares this sample and others by GPAA and ICP.




With the advent of more reliable analytical techniques, correlations of recent
accelerated stability tests have been more in line with previously reported LP 1846
stability data. A tabulation of rate data for completed and on-going accelerated
pressure-time studies are presented in table 6. The data indicate that in the on-going
tests at 30"C and 50°C there is no significant pressure rise. Some of the samples at

each of the temperatures were spiked with nitric acid and ion (Fe‘3). Nitric acid was
chosen since it was found to have a strong catalytic effect on LP decomposition. Iron

(Fe'a) was chosen since it is always regenerated after reaction with LP to its catalytic
state. The reaction of Fe'” with LP results in its reduction to Fe . It is reoxidized back

to Fe' by the nitric acid formed in the original reaction. This cycle continues until all of
the HAN and then TEAN is consumed. It was noted previously that in the analytical
data some of the completed tests showed some degradation at 50'C (table 7). These
samples contained higher levels ot metal contamination than those in the on-going
tests. In these lower temperature levels and at 65°C with no contaminants, the pres-
sure is not as good an indicator of propeilant degradation as is the analytical data.
Whereas, at 65°C the contaminated samples in the compieted and on-going tests all
showed pressure buildup when the contaminant levels were >0.1% nitric acid and >1

ppm of metal (FE’S). These samples produced significant pressure buildup and there-
fore unacceptable rates of decomposition (table 6). The inhibitor study at 65°C after 6
months reveals a considerable reduction in sample degradation when high levels of

metals (Fe's) are present (table 6). The rate has been reduced to less than 70% for 4

ppm Fe'a) when the inhibitor is present. The samples containing only inhibitor are
showing comparable results to the control samples. The analyses of the on-going
samples after completion of the study will be used to complement the rate data. Long-
term storage of larger lots of LP are currently underway at ambient, 50°C, and 65°C in
polyethylene containers. Afier completion of calibration of a temperature cycling cham-
ber, this test will also be conducted over the temperature range of ambient to 65°C.
Samples from the long-term tests will be used to obtain analytical, ballistic, and ac-
celerating rate calorimetry (ARC) correlation data. The combination of the accelerated
and long-term testing wili be used to establish and/or recommend storage, contaminant
effects, safety, ballistic, handling, specification, mechanistic, kinetic, and potential flags
criteria for LP.




SUMMARY

The analytical techniques used for this program complement the rate and storage
data being generated. These methods have been thoroughly investigated to provide
the needs of these studies.

The accelerated test data have shown the effects of contaminants at elevated
temperatures and verify the need for strict specifications. The use of inhibitors were
observed to have a strong effect on lowering the rate of decomposition and will need to
be studied further at other levels and types of transition metal contamination. In subse-
quent reports, the on-going accelerated and long-term tests data will be used to supple-
ment these data and further these conclusions.
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Table 2. Comparison of aqueous and nonaqueous synthetic LP 1846

HACL/TEACL titrations
Titration Percent Reaction Titrant Volume, mls
Non-ag Ethanol 1.0% 0.0 14.91 17.28
14,87 17,23
+0.02 +0.025
5.0% 0.0 14.95 17.33
14,93 17 1
+0.01 +0.01
10.0% 0.0 14.93 17.32
14,87 17,26
+0.03 +0.03
10.0% 15.0 14.89 17,26
Actual Concentration 60.8% HAN 19.2% TEAN
Experimental 61.4% HAN 21.6% TEAN
Agqueous Water 1.0% 0.0 17.19 20.13
17.14 20,06
+0.025 +0.035
5.0% 0.0 17.11 20.03
17.20 20,10
+0.045 +0.035
10.0% 0.0 17.14 20.03
17.15 20.02
+0.005 +0.005
10.0% 15.0 17,14 20,04
Actuai Concentration 60.8% HAN 19.2% TEAN
Experimental 58.5% HAN 21.9% TEAN
Note: High purity hydroxylammonium hydrochloride and

triethanolammonium hydrochloride was used to prepare
solutions containing the same amount of cations
(hydroxylamine or triethanolamine) which would be
present in the nitrate solutions of LP 1846.




Note:

Table 3. Metals analysis of two lots of LP 1846 by ICP

Metal
Iron
Chromium
Copper
Nickel
Cobalt
Lead

Tin

LP-2, ppm = LP-3, ppm

<0.09
0.74
<0.18
0.88
<0.09
<0.87
3.06

2.
0.
<0.
0.
<0.
<0.
3.

06 (polarography:0.31lppmFe+3)

40
17
34
09
87
03

The difference between polarography and ICP/ES illustrates

that the Fe*3 in the LP is complexed and not avaliable as
Fet3,

Table 4. Comparison of graphite furnace AA and ICP metals analyses of

Metal ICP (ES)/(IS) and GPAA

LP 1845 lot 1845-01-02

Al <0.
<0
Cu 0
Cu 0
<0
Cr 0
Cr 0
<0
Ni 0
Ni 0]
1
Fe 0
Fe 1
Fe 1
Note:
1S =
ES =
GPAA =
Dilution:

GPAA=1/100,

075 (ES#2)

.020 (ES#2)
.11 ppm(ES#1)
.24 ppm(IS)

.0100 (ES#2)
.02 ppm(ES#1)
.03 ppb(IS)

.020 (ES#2)
.00 ppm(ES#1)
.04 ppm(IS)

.0 (ES#2)
.87 ppm(ES#1)
.76 ppm(IS)
.87 ppm(GPAA)

ICP #1=0,

internal standard technique.
external standard technique
graphite furnace AA.

GPAA

ppb

ppb

ppb

ppb

ppb

ICP

12 ppb

8 ppb

5 ppb

20 ppb

16 ppb

Scandium used as IS.
(no internal standard).

ICP #2=1/9th.

Same results for Fet3 in Lot 292:

0.16 ppm(IS)/<0.01 ppm(ES) .
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Table 6. Rate data for pressure time studies with LP 1846

Sample Temperature(°C) Rate @20%Ullage
mm/Hg/day
0.7-4 ppmFe 30 0
0.1-0.3% acid 30 0
0.7-4 ppm Fe 50 0
0.1-0.3% acid 50 0
0.7 ppm Fe 65 0
1.5 ppm Fe 65 38
2.0 ppm Fe 65 14.3
4 ppm Fe 65 17.1
5 ppm Fe 65 35.8
0.1% acid 65 0
0.2% acid 65 4.0
0.3% acid 65 9.0
0.5% acid 65 22.4
1.0% acid 65 43.6
Inhibitor (Deq) 65 0
Deq/4 ppm Fe 65 11.9

NOTE: Inhibitor being used is a phosphonate type called Dequest 2061.
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Table 7. Composition analysis of LP 1846 before and after exposure and
rate of decomposition as a function of temperature and
contaminants at 65% ullage

mmHg/day

Lp-2+% 59.3  19.3  19.7 0.36  0.44

0.44% HNO3 25 59.7 19.9 20.0 0.33 0.48 136 0.1

0.44% HNO3 50 58.4 20.4 20.5 0.60 0.74 116 2.0

0.44% HNO3 65 57.7 20.1 20.3 1.05 1.18 48 8.5
LP-3**A 59.4 20.3 19.5 0.48 0.03

2.1 ppm Fe 65 59.0 20.7 19.5 0.60 1.02 65 6.9

0.54% HNO3

2.1 ppm Fe 65 58.6 20.4 20.1 0.40 1.52 30 13.4

0.98% HNO3

2.1 ppm Fe 25 60.0 20.6 19.2 0.37 0.12 120 0

7.25 ppm Fe 25 59.9 20.4 20.1 0.43 0.14 120 0
51.0 ppm Fe 25 60.1 20.6 19.4 0.42 0.26 120 <0.01
49.4 ppm Cu 25 60.0 20.7 19.4 0.47 0.26 120 <0.01

2.1 ppm Fe 50 59.8 20.5 19.5 0.47 0.23 120 0

7.0 ppm Fe 50 59.5 20.7 19.6 0.56 0.28 120 0.42
23.8 ppm Fe 50 58.6 21.6 20.2 0.68 0.76 120 5.5
24.5 ppm Cu 50 58.1 22.2 20.1 0.87 0.86 120 2.8
49.9 ppm Fe 50 58.4 21.6 18.4 0.92 0.80 70 9.0
49.2 ppm Cu 50 57.5 20.3 20.2 1.40 1.03 84 5.0
2.1 ppm Fe 65 59.3 21.3 19.8 0.64 0.60 98 4.4

6.9 ppm Fe 65 58.4 21.4 13.8 0.90 0.86 78 11.0
Note:

*-Initial compositicon of LP-2 (Lot # ABY87FS2C013).

**-Tnitial composition of LP3 (Lot #1846-01).

€-1P-2 contains Oppm Fe, 0.7ppm Cr and O.9ppm Ni.

A-LP-3 contains 2ppm Fe, 0.4ppm Cr and 0.3ppm Ni.

All rates are final rates in mmHg/day.

LP-2 is being reanalyzed for metals and is expected to contain higher
levels than those reported by ICP/ES.
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Transition Metal Method; uBondapak C18
2mMNaOS/50mMTartaric Acid; pH=3.4w/NaOH
Post Col PAR Det @ 520nm; 0.5ml/min

UVDet; Eluant 1.0mi/minFR; first-TM's +2
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1.00 per sec
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Ni2 7.10 - - NF - - - -
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Cd2 10.20 - - NF - - - -
Fe2 11.20 - - NF - - - -

Figure 1.

IC chromatogram of Fe*® standard
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Transition Metal Method; pBondapak C18

2mMNaOS/50mMTartaric Acid; pH=3.4w/NaOH

Post Col PAR Det @ 520nm; 0.5ml/min
UVDet; Eluant 1.0mlI/minFR; first-TM's +2
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Figure 2. IC chromatogram of Cu*? standard
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Transition Metal Method; pBondapak C18

2mMNaOS/50mMTartaric Acid; pH=3.4w/NaOH

Post Col PAR Det @ 520nm; 0.5ml/min
UVDet; Eluant 1.0ml/minFR; first-TM's +2

NiStd: 1.6 ppm pH = 7

Chromatogram of Ni2stl
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Figure 3. IC chromatogram of Ni*? standard

17




Transition Metal Method; pBondapak C18
2mMNaOS/50mMTartaric Acid; pH=3.4w/NaOH
Post Col PAR Det @ 520nm; 0.5ml/min

UVDet; Eluant 1.0ml/minFR; first-TM's +2
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Figure 4. |C chromatogram of Fe*? standard
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Waters Model 510
Waters 15 cm NOVA PAK C18
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Figure 5. IC chromatogram of Cr'® standard
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Transition Metal Method; 1Bondapak C18
2mMNaQS/50mMTartaric Acid; pH=3.4w/NaOH
Post Col PAR Det @ 520nm; 0.5mi/min
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Figure 7. IC chromatogram of LP 1846
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